The human dopamine and norepinephrine transporters (hDAT and hNET, respectively) control neurotransmitter levels within the synaptic cleft and are the site of action for amphetamine (AMPH) and cocaine. We investigated the role of a threonine residue within the highly conserved and putative phosphorylation sequence RETW, located just before transmembrane domain 1, in regulating hNET and hDAT function. The Thr residue was mutated to either alanine or aspartate. Similar to the inward facing T62D-hDAT, T58D-hNET demonstrated reduced [ 3 H](Ϫ)-2-␤-carbomethoxy-3-␤-(4-fluorophenyl)tropane-1,5-napthalenedisulfonate (WIN35,428) binding was not increased, demonstrating a discordance between functional and binding site effects. Taken together, these results concur with the notion that the T3 D mutation in RETW alters the preferred conformation of both hNET and hDAT to favor one that is more inward facing. Although substrate activity and binding are primarily altered in this conformation, the function of inhibitors with distinct structural characteristics may also be affected.
Introduction
The availability of the monoamine neurotransmitters dopamine (DA) and norepinephrine (NE) around the synaptic cleft is regulated by DA and NE transporters (DAT and NET, respectively), which mediate the reuptake of released neurotransmitter into the presynaptic terminal (Amara and Kuhar, 1993; Giros and Caron, 1993; Blakely and Bauman, 2000) . Transporter-mediated reuptake terminates the presence of neurotransmitter at the synaptic cleft.
Both DAT and NET are members of the SLC6 Na ϩ /Cl Ϫ -dependent transporter family (Torres et al., 2003) . Substrate transport through these proteins is coupled to the concomitant transport of Na ϩ and Cl Ϫ ions (Chen and Reith, 2000; Norregaard and Gether, 2001 ). An alternating access model was proposed to explain the functioning of these transporters, in which the transporter would oscillate between two primary conformations, an "outward-facing" mode accessible to the extracellular medium and an "inward-facing" mode that is open to the intracellular milieu (Rudnick, 1997) . According to this model, both substrate and inhibitors bind the transporter when it assumes an outward-facing conformation. Substrates, however, elicit a conformational change that promotes an inward-facing conformation resulting in translocation of substrate along with Na ϩ and Cl Ϫ ions. Monoamine transporters contain 12 transmembrane domains (TM), connecting intracellular and extracellular loops and intracellular amino and carboxyl termini (Torres et al., 2003) . The elucidation of the crystal structure of the bacterial leucine transporter (LeuT Aa ), a homolog of monoamine transporters, provided insight into the three-dimensional struc-ture of these transporters (Yamashita et al., 2005) . The structure revealed a substrate-occluded state possibly representing a state between the outward-and inward-facing conformations and suggested the existence of important ionic interactions among residues in the N terminus (Arg5), TM8 (Asp369), and TM6 (Tyr206) as part of a network of ionic interactions that could constitute an intracellular "gate" (Yamashita et al., 2005; Singh, 2008) . Mutagenesis studies demonstrate similar interactions between corresponding residues in DAT (Arg60 in the N terminus, Asp436 at the end of TM8 and Tyr335 in intracellular loop 3 close to TM6) . These studies establish that the N-terminal Arg60 (DAT) residue, which is highly conserved in monoamine transporters, plays a critical role in transporter function. Mutations of Tyr335 and Asp436 also have profound impact on DAT conformation and function; specifically, mutation of all of these residues (Arg60, Asp436, and Tyr335) of DAT to Ala seems to promote a conformation (presumably inward-facing) of the transporter in which DA uptake is significantly compromised (Loland et al., 2002 (Loland et al., , 2004 Kniazeff et al., 2008) .
The RETW motif is conserved in all monoamine transporters (residues 60 -63 in DAT and 56 -59 in NET), and mutations within this motif have robust effects on hDAT function. Mutation of both Arg and Trp, but not Glu, within this motif in hDAT profoundly affects DA uptake (Chen et al., 2001; Kniazeff et al., 2008) . In the corresponding sequence (RDTW) in GAT-1, deletion of Arg44, Thr46, or Trp47 renders the transporter totally inactive (Bennett et al., 2000) , and only certain substitutions are tolerated. We have demonstrated that mutation of the Thr residue within the RETW motif similarly has a profound effect on DAT conformation and function (Guptaroy et al., 2009) . Mutation of Thr62 to Asp in DAT resulted in a transporter that favors an inward-facing conformation, which promotes constitutive efflux of DA from cells and prevents accumulation of internal DA. We now present evidence for a similar, although not identical, effect of the same mutations in the corresponding Thr residue (Thr58) in hNET. These studies further establish the importance of the highly conserved N-terminal residues proximal to TM1 in maintaining monoamine transporter conformations that sustain normal transporter function.
Monoamine transporters are also the target for both therapeutic and abused drugs such as antidepressants, AMPH, and cocaine (Norregaard and Gether, 2001) . Mutants of DAT with altered conformational equilibrium are useful tools in binding studies and provide invaluable information about the potency of structurally diverse transporter inhibitors (Schmitt et al., 2008; Liang et al., 2009 ). These studies demonstrate that the transporter and ligand conformation determines the interaction between them. In the present study, we used the N-terminal threonine mutants of hDAT (Thr62) and hNET (Thr58) to investigate the effect of various substrates and inhibitors on transport and binding characteristics. We find that in Thr-to-Asp mutants, which favor an inwardfacing conformation, the affinity for both catechol and noncatechol substrates is enhanced and that substrate binding is temperature-dependent. Conversely, these mutations have no appreciable effect on the interaction of the transporters with most inhibitors, with the exception of benztropine and cocaine in hDAT.
Materials and Methods

Mutagenesis and Generation of Stable Cell Lines.
The hDAT mutants and cell lines were generated as described previously (Guptaroy et al., 2009 ). The hNET mutants were generated by polymerase chain reaction using sense and antisense oligonucleotides and pfu polymerase (Stratagene, La Jolla, CA). After digestion of parental DNA with DpnI (Promega Corporation, Madison, WI), competent DH5␣ cells were transformed with mutagenic DNA. Mutations were confirmed by DNA sequencing, and the cDNAs were used to transfect human embryonic kidney 293 cells using Lipofectamine (Invitrogen, Carlsbad, CA) . A stable pool of G418-resistant cells was selected and maintained in the presence of 100 g/ml G418 in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin at 37°C and 5% CO 2 .
Surface Biotinylation and Immunoblotting. To label cell-surface transporters, cells were treated with sulfosuccinimidyl-2-(biotinamido) ethyl-1,3-dithiopropionate (sulfo-NHS-SS biotin); Pierce, Rockford, IL) at 4°C as described previously (Johnson et al., 2005) . The reaction was quenched for 15 min with 100 mM glycine at 4°C. Cells were lysed in solubilization buffer (25 mM Tris, 150 mM NaCl, 1 mM EDTA, 5 mM N-ethylmaleimide, 100 M phenylmethylsulfonyl fluoride, and 1% Triton X-100) containing protease inhibitors (Roche, Indianapolis, IN) and centrifuged at 20,000g to remove cell debris. Biotinylated proteins in cell lysates containing 800 g of protein were bound to 50 l of streptavidin beads (Pierce) by incubating for 1 h at room temperature (RT). The beads were washed with solubilization buffer and eluted in 25 l of SDS-polyacrylamide gel electrophoresis sample buffer containing 100 mM dithiothreitol and resolved by electrophoresis on a 10% Tris-glycine gel along with samples of the lysate. Proteins were transferred to a nitrocellulose membrane (GE Healthcare, Chalfont St. Giles, Buckinghamshire, UK) and blocked for 1 h in 5% milk in 10 mM Tris, pH 7.4, 150 mM NaCl, and 0.1% Tween 20. hNET was detected using anti-NET (Alpha Diagnositcs, San Antonio, TX) and horseradish peroxidaseconjugated secondary antibody (Santa Cruz Biotechnologies Inc., Santa Cruz, CA) by enhanced chemiluminescence reagent (Pierce). Quantification of bands was done by densitometry using Scion Image software (Scion Corporation, Frederick, MD).
[ 3 H]DA Uptake and Competition Assays. Cells were plated on 24-well plates at a density of 10 5 cells per well 1 day before performing the assays. [ 3 H]DA uptake was measured in KRH (25 mM HEPES, pH 7.4, 125 mM NaCl, 4.8 mM KCl, 1.2 mM KH 2 PO 4 , 1.3 mM CaCl 2 , 1.2 mM MgSO 4 , and 5.6 mM glucose containing 50 M pargyline, 1 mM tropolone, and 50 M ascorbic acid) in the absence or presence of 10 M 1-[2-(diphenylmethoxy)ethyl]-4-(3-phenylpropyl)-piperazine (GBR12935; Sigma, St. Louis, MO) or 100 M cocaine. The initial rate of uptake was analyzed using 30 nM to 3 M [ 3 H]DA (specific activity, 59.3 Ci/mmol; PerkinElmer Life and Analytical Sciences, Waltham, MA) for 2 min at room temperature in a final volume of 250 l. The reaction was stopped by rapidly washing three times with 1 ml of ice-cold phosphate-buffered saline. Cells were solubilized in 1% SDS and radioactivity was measured using Scintiverse (Thermo Fisher Scientific, Waltham, MA) in a liquid scintillation counter (LS 5801; Beckman Coulter, Fullerton, CA AMPH-Stimulated DA Efflux. Confluent 100-mm plates of cells were washed twice with KRH and incubated at 37°C with 15 M DA for 30 min. Cells were washed with KRH, harvested, and resuspended in 200 l of KRH, and 150 l of the cells were placed on a Whatman GF/B filter (Whatman, Clifton, NJ) in a chamber of a superfusion apparatus (SF-12; Brandel, Gaithersburg, MD). Superfusion chambers were maintained at room temperature, and KRH was perfused at a rate of 400 l/min. Samples were collected every 2 min. After a 45-min wash to reduce baseline, cells received a 2-min bolus of 10 M d-AMPH. Fractions were collected for the next 50 min. Samples were collected into vials containing 25 l of an internal standard solution (0.05 M HClO 4 , 4.55 mM dihydrobenzylamine, 1 M metabisulfate, and 0.1 M EDTA) as described previously (Kantor et al., 2001 ). Samples were stored at Ϫ80°C, and DA content was measured by high-pressure liquid chromatography with electrochemical detection. DA efflux was quantified as the peak DA in the eluent.
Binding Assays. Statistical Analysis. Kinetic constants, including K m , V max , and IC 50 values for the transporter constructs were determined by nonlinear regression analysis of the mean values for each mutant using Prism version 5 (GraphPad Software, San Diego, CA). Statistical significance was determined using Prism version 5 either by comparison with wild type using a two-way ANOVA with post-test Bonferroni analysis or with an F test by comparing fits in which selected values were constrained to be equal or were allowed to differ. The null hypothesis was that the best-fit parameter for the value did not differ. A conclusion of statistical significance represents a rejection of the null hypothesis and indicates a difference between designated values. Values plus the 95% confidence levels are reported. In most cases, the F distributions are reported in the tables and figure legends to maintain flow in the text.
Results
Surface Expression and DA Uptake in hNET and Mutant Transporters. Both T58A-hNET and T58D-hNET express in the cell at levels equivalent to that of hNET but traffic less efficiently to the cell surface compared with hNET. As shown in Fig. 1A , total transporter levels in the lysate on a protein basis were the same for all three transporters, but the amount of surface transporter was reduced in T58A-hNET and T58D-hNET (Fig. 1A) . A quantitative representation of the amount of surface transporter as a multiple of hNET demonstrated that T58A-hNET is expressed on the surface at 60% and T58D-hDAT at 50% of the level of hNET (Fig. 1B, n ϭ 7) .
Inward transport through the hNET mutants was determined by measuring [ 3 H]DA uptake. Using [ 3 H]DA is valid because the NET can transport both NE and DA. In fact, NET has greater affinity for DA than NE and greater V max values for DA uptake compared with NE (Gu et al., 1994; Eshleman et al., 1999) . In view of this preference of NET for DA, we used [ Burgess and Justice, 1999) .
[ 3 H]DA uptake velocities for the hNET constructs were determined from the initial rates calculated from time-course curves at varying concentrations of [ 3 H]DA. Values were normalized to surface expression of hNET. The data in Fig.  1C show that T58D-hNET cells had a dramatically reduced V max compared with hNET (p Ͻ 0.05). There was a similar significant reduction of the V max for [
3 H]DA uptake in T62D-hDAT compared with hDAT (Table 1) (Guptaroy et al., 2009 ). On the contrary, there was a significant increase in the normalized (corrected for surface expression) V max value for [ 3 H]DA uptake in T58A-hNET (1.3 pmol/10 5 cells per minute) compared with hNET (0.76 pmol/10 5 cells per minute, p Ͻ 0.0003). This is in contrast to the corresponding hDAT mutant T62A-hDAT (Guptaroy et al., 2009) , in which the V max value was significantly lower than that of hDAT (Table  1 ). In hNET, therefore, the mutation of Thr58 to Ala or to Asp has opposing effects on [ 3 H]DA uptake. These results demonstrate that although the Asp mutation of the corresponding threonine residues in hDAT and hNET similarly affects DA uptake, the Ala mutation has a differential effect on [ 3 H]DA uptake properties of hDAT and hNET. There was no significant difference in the K m values for [ 3 H]DA uptake among hNET, T58A-hNET, and T58D-hNET (Table 1) . In keeping with previous reports (Gu et al., 1994) , we also observe a greater affinity for
3 H]DA uptake between T62A-hDAT and T58A-hNET or between T62D-hDAT and T58D-hNET were reduced or negated, demonstrating that mutation of the threonine counteracted structural differences between hDAT and hNET in affinity for [
3 H]DA. The V max for T58A-hNET, however, was more than 3 times that for T62A-hDAT (p Ͻ 0.0001).
Basal Efflux Is Elevated in the T58D-hNET Mutant. Because the transporter basically functions as a pump in forward and reverse transport modes, a reduction in substrate uptake (as seen in T58D-hNET) could be due to an increase in DA efflux. To evaluate this possibility for the T58D-hNET mutant, cells were loaded with [ H͔DA uptake in hNET, hDAT, and threonine mutants K m and V max values were determined by nonlinear regression using Prism
The V max values from this analysis were normalized to wild-type surface expression and are shown as mean Ϯ S.E.M. Statistical significance was determined using Prism F test by comparing fits in which selected values were constrained to be equal or were allowed to differ. The null hypothesis was that the best-fit parameter for the value did not differ. efflux that prevents the accumulation of intracellular DA, similar to our results reported with T62D-hDAT (Guptaroy et al., 2009 ). For T62D-hDAT, this property was attributed to a preference for a more inward-facing conformation. In view of the similarity in characteristics of [ 3 H]DA uptake and basal [ 3 H]DA efflux between T62D-hDAT and T58D-hNET, it is reasonable to postulate that the underlying mechanism leading to this phenotype is the same in both these mutant transporters, supporting the conclusion that T58D-hNET, like T62D-hDAT, is predominantly inward-facing.
AMPH-Stimulated DA Efflux Is Reduced in T58A-hNET. AMPH-stimulated DA efflux was measured in T58A-hNET and hNET at a single AMPH concentration (10 M) using a superfusion protocol. After loading with unlabeled DA, cells were placed in a superfusion apparatus, and DA efflux in response to 10 M AMPH was measured. To eliminate variability due to uneven loading, data were calculated as fractional DA efflux, which is the amount of DA in the effluent as a percentage of the total amount of DA originally present in the cells. As shown in Fig. 2B , in T58A-hNET cells there was significantly less AMPH-stimulated DA efflux compared with hNET. The fact that DA influx was enhanced but the responsiveness to AMPH was reduced in T58A-hNET compared with hNET suggests that mutation of Thr58 to Ala may elicit a conformation that is slow to transition back to outward-facing. On the contrary, the T58D-hNET mutant was completely unresponsive to AMPH (data not shown). As demonstrated in the data in Fig. 2A , the baseline efflux was elevated in T58D-hNET compared with hNET and T58A-hNET, but there was no response to AMPH. (Chen et al., 2001 (Chen et al., , 2004b Loland et al., 2002 Schmitt et al., 2008; Liang et al., 2009) . We examined the effect of the mutations on the potency for substrates and inhibitors to functionally inhibit [ 3 H]DA uptake. As shown in Fig. 3 , mutation of hNET Thr58 to Asp decreases the IC 50 for both catechol (Fig. 3, A , DA, and B, NE) and noncatechol substrates (Fig. 3C, AMPH) , as demonstrated by a leftward shift of the competition curve. Accordingly, the IC 50 values were significantly lower for DA, NE, and AMPH in T58D-hNET compared with hNET. The IC 50 values, 95% confidence intervals (CI), and F-distribution showing significant differences are given in Table 2 . Mutation of Thr58 to Ala in hNET similarly increased the potency of DA and AMPH in inhibiting [ 3 H]DA uptake but not to the same extent as for the T3D mutation (T58A-hNET versus T58D-hNET for DA, p Ͻ 0.0001; for AMPH, p Ͻ 0.0001). A similar decrease in the IC 50 of all three substrates was observed in T62D-hDAT (Fig. 3 , C and D, and Table 2 ) compared with hDAT. As with Thr58 in hNET, mutation of Thr62 in hDAT to Ala increased the potency for DA and AMPH but not to the same degree as the T3D mutation (T62A-hDAT versus T62D-hDAT for DA, p Ͻ 0.05; for AMPH, p Ͻ 0.0001). Furthermore, the preference for AMPH over DA is lost in the T58D-hNET mutants and greatly reduced in the T62D-hDAT mutants compared with wild type. The potency of NE, however, was not significantly changed by a Thr-to-Ala mutation in either hNET or hDAT. Table 2 .
In contrast to the change in IC 50 values of substrates for DA uptake, the mutations have no effect on the sensitivity of inhibitors to block [ 3 H]DA transport in hNET mutants. IC 50 values for cocaine, benztropine, nisoxetine, and desipramine did not significantly differ among hNET, T58A-hNET, and T58D-hNET (Table 2) . On the contrary, the potency of cocaine and benztropine to inhibit [ 3 H]DA uptake was reduced in T62D-hDAT compared with hDAT. Both drugs are more selective for hDAT than for hNET. The potencies of cocaine and benztropine were reduced in T62D-hDAT compared with wild type, but they were able to completely block the [ 3 H]DA uptake. The potency of GBR12935, a highly selective DAT inhibitor of a different structural class, was unaltered by mutation of Thr62 to Asp. A Thr to Ala mutation did not change potency for any inhibitor in either hNET or hDAT. Therefore, mutation of Thr to Asp or Thr to Ala within the RETW sequence of hDAT or hNET disrupted the functional activity of the transporter substrates much more than the transporter inhibitors.
The IC 50 values of the inhibitors for hNET reported here are higher than some reported values (Owens et al., 1997; Eshleman et al., 1999; Han and Gu, 2006 ) but similar to others (Mortensen and Amara, 2006) . This could be attributed to differences in assay conditions and cell lines (Han and Gu, 2006 ). Passage number and expression level in transfected cells caused variability in the inhibition potency of cocaine for DA uptake (Chen and Reith, 2007; Ukairo et al., 2007) . (Tables 3 and 4) were comparable with values reported previously (Reith et al., 2005) , possibly because of the similarity of the assay conditions and reagents used. ϭ 3) , T58A-hNET (n ϭ 5), and T58D-hNET (n ϭ 5) were 3.3 Ϯ 1, 4.6 Ϯ 0.6, and 7.0 Ϯ 1 nM (Ϯ S.E.M.), respectively. As shown in Table 3 , the potencies of DA (p Ͻ 0.01) and AMPH (p Ͻ 0.02) for T58D-hNET were significantly greater than that for hNET. There was no change in potency for NE in T62D-hNET, but there was a reduction in the number of [ There was no significant change in potency for DA or AMPH at T58A-hNET compared with hNET. As shown in the bottom panels of Table 3 , there was no change in potency for any inhibitor measured, including nisoxetine, for T58A-hNET or T58D-hNET compared with hNET.
A similar result was seen with the Thr62 mutations in hDAT (Table 4 ). The potency for both DA (p Ͻ 0.0001) and AMPH (p Ͻ 0.001) to compete for [ 3 H]WIN35,428 binding was greatly increased in T62D-hDAT compared with hDAT. Moreover, the potency of DA (p Ͻ 0.01) and AMPH (p Ͻ 0.002) was significantly increased in T62A-hDAT compared with hDAT. These data mirror the effects of the hDAT mu- values with confidence intervals (CI) given in parentheses (n ϭ 3-6). Statistical significance was determined by an F test by comparing fits in which selected values were constrained to be equal or were allowed to differ. The null hypothesis was that the best-fit parameter for the value did not differ. (Distelmaier et al., 2004) and found notable differences in binding characteristics when the assays were conducted at 4°versus at room temperature. The K d values for [ 3 H]nisoxetine binding in hNET, T58A-hNET, and T58D-hNET at 4°were 4.9 Ϯ 1, 7.6 Ϯ 0.7, and 6.7 Ϯ 1 nM (Ϯ S.E.M.), respectively, n ϭ 3. These values were not different from each other and were not different from those measured at room temperature. The IC 50 values for DA and NE in hNET were comparable and unchanged when measured at the two temperatures (Table 3) , but the potency for AMPH was more than 60-fold greater when assayed at 4°C (3 nM) compared with room temperature (182 nM). The 95% confidence intervals and F-distributions for all IC 50 values are given in Fig. 5 , and the 95% confidence limits and F-distributions for these values are given in Table 3 and text. can readily accommodate binding of inhibitors but not substrates. Zn 2؉ Rescues Substrate Binding at Low Temperature in T62D-hDAT. The effect of conformation on transporter activity can be examined in DAT because of its sensitivity to the ion Zn 2ϩ . DAT, as opposed to NET, contains three residues in its extracellular loops that coordinately bind Zn 2ϩ (Norregaard et al., 1998) . Upon binding to DAT, Zn 2ϩ potentiates an uncoupled Cl Ϫ conductance in DAT, which modulates the membrane potential such that DA uptake is restricted and DA efflux is enhanced (Meinild et al., 2004) . In the presence of Zn 2ϩ , the equilibria of mutant transporters that seem predominantly inward-facing, in which DA uptake is compromised, are shifted toward a more outward-facing conformation, resulting in enhanced DA uptake (Loland et al., 2002; Chen et al., 2004a; Guptaroy et al., 2009) . We examined whether Zn 2ϩ would shift the equilibrium of substrate binding at 4°C to more resemble the potency and availability for substrates to bind at RT. As shown in Fig. 5 and Table 4 , the potency of AMPH for [ 3 H]WIN35,428 binding to hDAT was increased 3-fold when assayed on ice, but when 100 M Zn 2ϩ was present at 4°C, the curve was identical to that assayed at RT. The IC 50 for AMPH at 4°C ϩ Zn 2ϩ was 494 nM (95% CI, 26-94) compared with 113 nM (95% CI, 6-22) at 4°C (p Ͻ 0.02). When the T62A-hDAT mutant was measured at 4°C, there was a significant reduction in the IC 50 for AMPH but also a significant reduction in the percentage of binding sites accessed (11% unbound at RT (95% CI, 0.8-20) versus 36% unbound at 4°C (95% CI, 31-47) (p Ͻ 0.0004; F 1,29 ϭ 15.74). As seen in Fig.  5B [IC 50 , 13 nM (95% CI, 3-45)] was not statistically significant because of the variability in binding at 4°C.
Benztropine and Cocaine Interact Differentially with T62D-hDAT. Examination of the data in Tables 2 and  3 reveal that, for assays conducted at RT, there is a strong concordance in IC 50 values for inhibition of [ 3 H]DA uptake with the IC 50 values obtained for competition of radioligand binding. This is true for substrates and generally true for inhibitors with the exception of the effects of cocaine and benztropine at T62D-hDAT. The IC 50 values for cocaine and benztropine in inhibiting [ 3 H]DA uptake at T62D-hDAT were increased, showing a reduction in potency compared with hDAT (Table 2) . On the other hand, this reduction in potency compared with hDAT was not exhibited when cocaine and benztropine competed for [ 3 H]WIN35,428 binding. For these drugs, there is discordance between their effectiveness in inhibiting DA uptake and their ability to bind to T62D-hDAT. This is seen clearly in Fig. 6 
Discussion
The bidirectional transport of substrates through monoamine transporters and their interaction with therapeutic and abused psychostimulant drugs is conformation-dependent. Emerging evidence indicates that interactions between specific transporter residues are critically important for maintaining relevant conformations and, when disrupted by mutations, affect transporter function. Here we show that mutations in a conserved N-terminal threonine residue of DAT and NET alter transporter conformation and function.
The juxtamembrane threonine residue (Thr62 in DAT, Thr58 in NET) resides in the RETW motif, which is a putative phosphorylation site for protein kinase C/A/G, although phosphorylation at this site has not yet been shown. We demonstrated that mutations that mimic the phosphorylation state of this threonine residue have profound effects on the conformation and function of DAT (Guptaroy et al., 2009 ). This intracellular threonine residue is not part of the substrate-binding site and presumably affects the permeation pathway indirectly through its effect on the interaction of critical residues. An elegant study exploring the nature of the conformational changes associated with substrate transport in LeuT Aa demonstrated that movement of the amino acid residue at position 7 of the N-terminal is associated with opening and closing of the inward gate (Zhao et al., 2010) . In LeuT Aa , the histidine residue at position 7 in the REHW motif corresponds to the threonine residue in RETW of DAT and NET and could potentially be critical in intracellular gating in monoamine transporters. In addition, these residues are adjacent to those involved in a conserved interaction network at the intracellular gate, which in DAT includes Val259 and Tyr335 . Using molecular dynamic simulation, we demonstrated that mutations at Thr62 in hDAT disrupts its interaction with Lys260, which is adjacent to Val259, and consequently affects the interaction between Val259 and Tyr335 (Guptaroy et al., 2009) . The greater structural disruption of the aspartate mutant compared with the alanine mutant was reflected in their functional activities. The data suggested that T62D-hDAT preferred an inward-facing conformation. We now demonstrate that corresponding mutations in NET result in similar but not identical phenotypes, although the overall conformational changes are probably similar. Differences could be due to the inherent dissimilarities between the two structures. It is suggested that both alanine and aspartate mutants of the homologous threonine residue in the serotonin, DA, and NE transporters promote an inward facing conformation and lack AMPH-stimulated efflux (Sucic et al., 2010) . Though our data for the aspartate mutants in DAT and NET agree with molpharm.aspetjournals.org these findings, we have consistently detected AMPH-stimulated DA efflux in the alanine mutants, although to a lesser extent than in the wild-type transporter. The reduced efflux in T58A-hNET could be due to a slow outward transition rate, resulting in a conformation that could be more inwardfacing than that of hNET. However, the overall nature of interaction of substrates and inhibitors with the alanine mutants remained more similar to that of the wild-type transporter, leading us to conclude that the conformation of the alanine mutants of hDAT and hNET retains similarity to the wild-type transporter.
DA influx activity diverges between DAT and NET in the alanine mutants, although efflux properties are similar. In T62A-hDAT, both influx and AMPH-stimulated efflux of DA were reduced, and this was attributed to a slowing of the transition between the inward and outward states of the transporter (Guptaroy et al., 2009 ). In contrast, in T58A-hNET, we see opposing effects on DA influx (increased) and efflux (reduced). The rate of inward and outward transition might also be affected in T58A-hNET. The N-terminal domains of DAT and NET have low homology and are of dissimilar lengths, which could contribute to differences between the uptake characteristics of T62A-hDAT and T58A-hNET. The alanine mutation may affect the interaction of diverse proteins with hDAT and hNET or differentially affect the interaction with the same protein.
In both hNET and hDAT, the aspartate mutation increased the potency for DA and AMPH to inhibit [ 3 H]DA uptake and compete for radioligand binding. The alanine mutation behaved similarly, except for substrate binding in hNET. The general concordance of potency in function and binding suggests that the conformation elicited by either the Ala or Asp mutations increases the affinity for substrates at their binding site. An increase in accessibility of the substrates is unlikely because the substrate potency for transporter binding was enhanced at 4°C, but accessibility to the binding sites was often reduced. Nor is it likely that there is a defect in reorientation of the DA-transporter complex to an outward-facing form, which would kinetically result in an increased potency for substrates (Chen et al., 2004a) , because basal efflux of [ 3 H]DA was enhanced in both T58D-hNET ( Fig. 2A) and T62D-hDAT (Guptaroy et al., 2009 ). The apparent affinity for substrates was also increased in Y335A-hDAT and D345N-hDAT, which are postulated to prefer a predominantly inward-facing conformation (Chen et al., 2001 (Chen et al., , 2004a Loland et al., 2002) . Increases in functional and binding potencies were most notable for AMPH. Potency for NE was only enhanced for inhibition of [ 3 H]DA uptake in the aspartate mutants compared with wild-type transporter. Some of these disparities could result from structural variations of the substrates. Because of the benzene-diol and the ␣-hydroxy side chain group, NE would have more points of attachment within the binding pocket than would AMPH (Indarte et al., 2008) . Fewer required attachment points for the noncatechol AMPH may permit the substrate to more easily attain an energetically favorable ligand pose within the binding pocket.
The effect of conformational restriction on substrate binding was further demonstrated by measurement of radioligand binding at 4°C. At 4°C, the conformation of hNET or hDAT was restricted into one resembling an inward-facing conformation, because the potency of substrates, especially AMPH, was significantly increased compared with RT values. The mobility of the aspartate mutants was severely compromised such that substrates could not access all transporter (Chen et al., 2004a) . However, a reduced potency for DA was observed at 4°C by Bonnet et al. (1990) , but this study was performed in rat striatal membranes. No temperaturedependent difference was observed in the K i for DA binding in hDAT-transfected human embryonic kidney 293 cells (Chen et al., 2001 ) but we saw no difference in the K i for hNET. The reason for the increased potency for substrates at 4°C is unclear but is under investigation.
The threonine mutations affected substrates more strongly than tested inhibitors (Fig. 7) , with the exception of cocaine and benztropine effects on hDAT. In particular, there was no effect of the mutations on the function or binding of desipramine or nisoxetine in hNET or on GBR12935 in hDAT. The structure of LeuT Aa suggests a separation in substrate and some inhibitor binding in transporter proteins (Singh, 2008) . Within LeuT Aa , a secondary binding site located extracellularly to the substrate binding site serves as a vestibule for binding antidepressants (Singh et al., 2007; Zhou et al., 2007) . On the basis of these results, homologybased molecular modeling identified two putative binding pockets in NET and DAT: one that binds cocaine and corresponds to the leucine binding site and another similar to the clomipramine binding site in LeuT Aa (Ravna et al., 2009) . Interaction between residues further into the lipid bilayer in TM1 are predicted to be altered in the interaction with tricyclic antidepressants including desipramine (Henry et al., 2007) and may not be as severely affected by these threonine mutations.
The modification of the substrate binding site in the threonine mutants may account for the altered activity of benztropine and cocaine in the aspartate mutants. Molecular modeling of DAT suggests that the binding sites of DA, AMPH, cocaine, and benztropine-like drugs overlap and correspond to the substrate binding site in LeuT Aa that is distinct from the antidepressant binding pocket (Beuming et al., 2008) . These drugs are weak inhibitors at hNET, so their binding to hNET may not have been affected by the aspartate mutation. The impaired ability of cocaine and other inhibitors to inhibit DA uptake in Y335A-DAT was attributed to its shift to an inward-facing conformation (Loland et al., 2002) , and the prevailing notion that cocaine binds to and stabilizes transporters in their outward-facing conformation (Chen and Justice, 1998; Loland et al., 2004) . Other inward-facing mutants of hDAT (D345N, D436A, and K264A) show similar but less dramatic decreases in the inhibitory potency of cocaine (Chen et al., 2004a; Loland et al., 2004) . Our data suggest that cocaine and benztropine bind normally to T62D-hDAT but have a reduced potency in inhibiting DA uptake. There is, therefore, discordance between inhibitor radioligand binding and function. A lack of correlation has been observed previously in cocaine potency for inhibition of uptake and binding in wild-type DAT (Wang et al., 2003) . It cannot be excluded that disruption of the normal translocation cycle in mutants transporters causes uptake and binding affinities to diverge. These results support the notion that the DAT conformation responsible for inhibitor high-affinity binding is less responsible for DA uptake (Wang et al., 2003) . In some DAT mutants, cocaine, and benztropine interactions differ (Chen et al., 2004b; Ukairo et al., 2005; Loland et al., 2008; Schmitt et al., 2008) . Because both cocaine and benztropine compounds contain tropane rings, the altered conformation of T62D-hDAT may affect side-chain associations with this ring structure. It is unclear why the binding potency of cocaine is increased in T62D-hDAT. It could be that T62D-hDAT rapidly oscillates between inward and outward states-a condition supported by its enhanced basal efflux, which is contingent upon the transporter more readily assuming an outward conformation.
The above evidence strongly argues for a critical role of the highly conserved threonine residue in the juxtamembrane N-terminal domain of monoamine transporters in determining transporter conformation and functions such as substrate binding, permeation, reverse transport, and drug interactions.
